. Colabeling with the Nop1-CFP marker furcoil extensions of the nuclear pore complex, form a ther shows that the Mlp1 signal is exclusively present structural platform at the nuclear periphery involved in in the part of the nuclear envelope juxtaposed to chromatin. Accordingly, the nucleolus and the Mlp1-conthe organization of functional nuclear subcompartments vive in the absence of the URA3-containing pHT-MLP plasmid on 5-FOA medium at 30ЊC and had temperatureThe same localization was observed with an untagged Mlp1, showing that this localization is not due to the sensitive growth defects (data not shown). A plasmid carrying only PRP18 rescued temperature-sensitive YFP fusion (data not shown). This finding is surprising as nuclear pore complexes, which tether Mlp-proteins growth of YVG133 and restored the sectoring phenotype (data not shown). To independently verify the mutation, to the nuclear periphery, are distributed evenly over the NE (Winey et al., 1997) . We further addressed this point we cloned and sequenced the PRP18 gene from the genome of YVG133 and found a stop codon in position by comparing Mlp1-YFP distribution with that of CFPNup49, an abundant nucleoporin fusion protein classi-AA8 of the PRP18 ORF. We named now this mutation prp18⌬. Together, these data show that MLP1 deletion cally used to study pore distribution in vivo (Wimmer et al., 1992) . Figure 1B demonstrates that the U-shaped is synthetically lethal with the inactivation of splicing factor Prp18. Mlp1-YFP distribution leaves nuclear pores over a continuous section of the nuclear envelope devoid of any PRP18, deletion of which confers a temperature-sensitive phenotype, has been shown to be involved in the detectable Mlp1 signal. We were able to further confirm the disparity between Mlp and NPC distributions by second step of splicing both in vivo (Vijayraghavan and Abelson, 1990 ) and in vitro (Horowitz and Abelson, 1993 Table S2 available on Cell website) and total RNA from strain BMA64-1a (WT), YVG1 (mlp1⌬), YVG3 (mlp2⌬), YVG12 (mlp1⌬ mlp2⌬), and YVG293 (prp18⌬) bearing pJCR51 (containing an artificial intron) at 30ЊC or 37ЊC. LI indicates the lariat intermediate molecule.
(B) Quantification of the pre-mRNA/mRNA ratio. Signals corresponding to pre-mRNA and mRNA were quantified and expressed in comparison to the wild-type ratio. Note that multiple bands result from multiple initiation start sites. (C) prp18⌬ mlp1⌬ synthetic lethality is not linked to a splicing defect. The mutant yeast strains YVG1 (mlp1⌬), YVG293 (prp18⌬), YVG133⌬⌬ (mlp1⌬ prp18⌬), and an isogenic wild-type strain BMA64-1a (WT) were transformed with the plasmid reporters for splicing: no intron (pLGSD5) or pre-mRNA (pJCR51) (Legrain and Rosbash, 1989) . The cells were shifted in 2% galactose-containing medium for 2 hr before ␤-galactosidase assay. To check for nonpermissive growth conditions, the cells were shifted at 37ЊC for 2 hr 30 min. ␤-galactosidase activity was expressed as the percentage of the activity of an intronfree reporter in each strain. (D) The nuclear retention defect of premRNAs in mlp1⌬ and prp18⌬ mutants is synergistic. The mutant yeast strains YVG1 (mlp1⌬), YVG3 (mlp2⌬), YVG293 (prp18⌬), YVG12 (mlp1⌬ mlp2⌬), YVG133⌬⌬ (mlp1⌬ prp18⌬), LMA191 (msl5-2), and their respective isogenic wild-type strains BMA64-1a (WT) and LMA190 (MSL5 ϩ ) were transformed with the plasmid reporters for pre-mRNA retention: no intron (pLGSD5) or in-frame premRNA (pJCR1) (Legrain and Rosbash, 1989 We next measured splicing efficiency using the was observed in prp18⌬, consistent with earlier studies (Vijayraghavan and Abelson, 1990) , while no significant ␤-galactosidase activity derived from the splicing reporter construct pJCR51. As previously described (Leeffect was observed for mlp1⌬ ( Figure 3C ). After the shift to nonpermissive temperature, the mlp1⌬/prp18⌬ grain and Rosbash, 1989; Rain and Legrain, 1997), splicing efficiency was expressed as the percentage of double mutant showed a defect in splicing similar to prp18⌬ alone ( Figure 3C ). The genetic interaction inpJCR51 derived ␤-galactosidase activity compared to ␤-galactosidase expressed from the intronless control between prp18⌬ and mlp1⌬ is therefore not linked to an additive splicing defect. pLGSD5 plasmid in order to compensate for mRNA splicing-independent expression variations. In addition, in order to study the double mutant mlp1⌬ prp18⌬, we Both mlp1⌬ and prp18⌬ Are Defective for Nuclear Retention of Unspliced mRNAs defined growth conditions where the two mutations were not synthetic lethal. The two mutations, synthetic Since Mlp1 does not seem to be involved in the splicing process, we looked for a possible role of Mlp1 in the lethal at 30ЊC, could be combined and were viable at nuclear retention of unspliced pre-mRNAs. In order to an increase in intron-containing mRNAs should reveal measure the amount of intron-containing mRNAs transincreased pre-mRNA leakage upon deletion of MLP1. lated in the cytoplasm, we used a "pre-mRNA leakage"
We therefore tested for MLP1-dependent pre-mRNA reporter plasmid (pJCR1) that allows lacZ translation leakage in an rrp6⌬ strain. Rrp6 is a nuclear component only in the absence of splicing (Legrain and Rosbash, of the exosome, a large complex of exonucleolytic en-1989; Rain and Legrain, 1997). As for the splicing rezymes responsible for RNA maturation/degradation (Hilporter, leakage is expressed as the ratio of pJCR1 (preleren et al., 2001). RRP6 deletion is known to stabilize mRNA) derived ␤-galactosidase activity over the pre-mRNAs, thus dramatically increasing pre-mRNA ␤-galactosidase activity derived from control plasmid levels independently of splicing (Bousquet-Antonelli et pLGSD5 (no intron). In a wild-type situation, this value al., 2000). We introduced pJCR1 or the control pLGSD5 is very low, within the range of 0.5%, showing that mRNA plasmids in wild-type, mlp1⌬, rrp6⌬, or rrp6⌬/mlp1⌬ retention is a very effective process in yeast, as predouble-mutant cells in a BY4741 genetic background. In viously shown (Legrain and Rosbash, 1989). Surpristhis genetic background, we again observed the mlp1⌬-ingly, we found sustained leakage of pre-mRNAs in dependent pre-mRNA retention defect. In rrp6⌬, we also mlp1⌬ cells ( Figure 3D ). The prp18⌬ mutation also led observed a substantial increase of the pre-mRNAto leakage of intron-containing mRNAs. Deletion of dependent ␤-galactosidase activity when normalized to MLP2 had no effect on the nuclear retention of prethe control without intron ( Figure 4A ). At least part of mRNAs, and double deletion mlp1⌬ mlp2⌬ was similar this increase could be attributed to the increase of the to a deletion of MLP1 alone ( Figure 3D ). In accordance total amount of pre-mRNAs ( Figure 4B ). In addition, Rrp6 with the data obtained with the splicing reporter concould play a role in retention of pre-mRNAs at or near struct (pJCR51, see above), the increase of pJCR1 medithe transcription site (Jensen et al., 2003). When the ated LacZ expression is not associated with an increase mlp1⌬ mutation was combined with the rrp6⌬, leakage of pre-mRNAs in either mlp1⌬ nor prp18⌬ cells (data of pre-mRNAs was enhanced without revealing a correnot shown and see below, Figure 6D ). Accordingly, the lated increase of pre-mRNAs ( Figures 4A and 4B ). It increase of translated pre-mRNAs in mlp1⌬ cells does demonstrates that also pre-mRNAs, which accumulated not correlate with an increase in the amount of prein a splicing-independent fashion, will leak in the abmRNAs, implying that upon MLP1 deletion a substantial sence of Mlp1. fraction of the pre-mRNAs escapes the nuclear intron In order to directly visualize nuclear retention, we emretention process. This suggests that Mlp1 is involved ployed FISH to locate lacZ mRNAs derived from pJCR1 in active retention of pre-mRNAs in a process distinct (with intron) and pLGSD5 (without intron) in the wildfrom splicing itself. type, rrp6⌬, and rrp6⌬/mlp1⌬ background (see Figure  Within the context of functions previously associated 4C for quantification). In wild-type cells, some weak with Prp18, the prp18⌬-dependent leakage of intronnuclear accumulation was detected. In rrp6⌬ cells, we containing RNAs was unexpected ( Figure 3D ). Preobserved an increase in nuclear signal from both conmRNA retention must result from an early intron recognistructs (with or without intron), forming large clusters tion process, taking place before the first splicing step at the nuclear periphery. In accordance with work by and thus well before the stage at which Prp18 is known Hilleren et al. (2001) , rrp6⌬ releases premature tranto function. Therefore, the pre-mRNA leakage phenoscripts but this release does not increase nuclear export. type observed in prp18⌬ cells cannot be simply exHowever, the additional deletion of MLP1 specifically plained by its previously reported role in splicing. This diminishes nuclear accumulation of the intron-conpoints toward a second role of the splicing factor Prp18 taining signals, leaving only a weak nuclear signal. This in formation of the commitment complex, although we decrease in nuclear signal is mirrored by an increase cannot speculate on whether this reflects a direct or in the translation of the cytoplasmic pool ( Figure 4A ). indirect functional involvement of Prp18. To test whether Together, these results confirm that MLP1 inactivation the synthetic lethality of mlp1⌬ and prp18⌬ resulted in an rrp6⌬ mutant background results in leakage of from additive pre-mRNA retention defects, we analyzed pre-mRNAs. leakage in the mlp1⌬/prp18⌬ double mutant at nonpermissive temperature. Figure 3D shows that, in contrast Mlp1 Specifically Traps Intron-Containing mRNAs to the splicing assay, leakage of intron-containing A role of Mlp1 in RNA retention would be most easily mRNAs increased dramatically in the mlp1⌬/prp18⌬ explained by a physical interaction (direct or indirect) background when compared to the mlp1⌬ and prp18⌬ between the intron-containing mRNAs and Mlp1. Insingle mutants. MLP1 gene or Ty5 DNA under control of the GAL10 partner mediating the interaction between intron-containing mRNAs and Mlp1. One such candidate factor is promoter. Both strains were further transformed with a plasmid expressing the lacZ gene either with or without SF1, a mutant of which has previously been shown to an artificial intron under control of the GAL10 promoter. reveal a strong retention defect (Rutz and Seraphin, Upon Mlp1 overexpression, intranuclear accumulation 2000). Interestingly, as shown in Figure 6A , we found of lacZ-specific signal was detected by FISH ( Figure  SF1 to interact with Mlp1 in vivo, with this interaction 5A). As shown in Figure 5B , the nuclear lacZ FISH signal depending on the presence of intact RNAs. Furthermore, was considerably enhanced in the case of transcripts we checked for the presence of Mlp1 in SF1-myc immuderived from the intron-containing lacZ gene, and not, noprecipitates. Since Mlp2 interacts with Mlp1 (directly or to a much lower extent, from intronless lacZ mRNAs.
or via Nup60) we used Esc1 as control, a protein very By overexpressing a GFP-tagged version of Mlp1, we similar to Mlps in size and structure, which also plays demonstrate that the Mlp1-dependent GFP signal coloa role in silencing at the nuclear periphery (Andrulis et calizes efficiently with the intron-containing lacZ mRNAs al., 2002). As can be seen in Figure 6B , SF1 interacts ( Figure 5C ). In several cells, an additional intron-conwith Mlp1 and to a lesser degree with Mlp2, but not taining lacZ-dependent FISH signal can be seen outside with Esc1. As SF1 is known to specifically bind to the of the Mlp1-GFP clusters, which may be due to further branchpoint region of intron-containing RNAs, the inter- Figure 6D ); yet, this pre-mRNA is effect apparently specific to NUP60, as deletion of other nucleoporins, such as NUP2, NUP53, or NUP42, leaves still quite efficiently retained within the nucleus (less than 2.5% leakage in the wild-type; Figure 6C ). In the Mlp-localization unchanged ( Figure 7A ). We therefore wanted to know whether the nup60⌬-dependent release mlp1⌬ strain, however, this pre-mRNA leaks massively (25% leakage). Strikingly, the mlp1⌬ mutation had an of Mlp1 would functionally reproduce the leakage defect associated with MLP1 deletion. Measurement of preadditive effect only with the branchpoint mutant, showing no effect on the 5ЈSS mutant whereas the prp18⌬ mRNA leakage in nup60⌬, nup2⌬, nup42⌬, and nup53⌬ cells ( Figure 7B) shows that NUP60 deletion causes a mutation had a strong additive effect on both the 5ЈSS mutation and the branchpoint mutation with respect to severe pre-mRNA retention defect, while leakage in the other nucleoporin mutants is not detectable or much leakage ( Figure 6C ). These data show that the mlp1⌬ and prp18⌬ mutations behave differently with respect weaker. However, nup60⌬, unlike mlp1⌬, also reveals a reproducible-splicing defect, namely a 2-fold increase to retention of pre-mRNAs with weakened 5ЈSS or branchpoint sequences, strongly suggesting that they of pre-mRNA over mRNA with the artificial intron of pJCR51 and 1.8-fold increase of pre-mRNA over mRNA act at distinct molecular levels As expected, the mlp1⌬ mutation induced no variation with the wild-type RP51A intron (data not shown). Furthermore, the nup60⌬ mutant does not share the specific in the RNA profiles of the wild-type, the 5ЈSS and the branchpoint mutant constructs. We, moreover, noticed features of Mlp1-dependent retention: where the mlp1⌬-dependent pre-mRNA leakage responds only toward that for the weakened mut5ЈSS intron still able to produce some mature mRNA, the pre-mRNA over mRNA mutBP intron mutants ( Figure 6C ), nup60⌬ exhibits a strong synergistic effect with both mut5ЈSS and mutBP ratio remained unaffected by the deletion of MLP1, further confirming the conclusion that Mlp1 does not affect ( Figure 7B ). The effect of nup60⌬ on pre-mRNA leakage is thus stronger, but also much less specific than the splicing ( Figure 6D ). effect of mlp1⌬. This may be due to a combination of while leaving the splicing process unaffected. The distinction between the splicing and retention defects is the nup60⌬-dependent mislocalization of Mlp1 and an best illustrated when the mlp1⌬ mutation is combined additional direct or indirect function of Nup60 in prewith a weak branchpoint sequence. In a strain expressmRNA retention linked to the splicing defect. Nevertheing Mlp1, we observed that the splicing of a branchpointless, the observed splicing defect is not sufficiently sequence-mutated transcript (mutBP mutant) is abolstrong to account for the amount of pre-mRNA leakage ished whereas the pre-mRNAs are still quite efficiently in nup60⌬ cells. We propose, therefore, that Nup60 is retained within the nucleus (Figures 6C and 6D ). In conanother component of the pre-mRNA retention machintrast, in absence of Mlp1, the pre-mRNAs leak masery at the nuclear periphery.
sively. This shows that the pre-mRNAs that accumulate in the mutBP mutant still retain their capacity to be Discussion retained in an Mlp1-dependent manner, although they cannot be spliced, clearly pointing to the distinction Pre-mRNA Retention and Splicing Are between splicing and retention.
Functionally Distinct Processes
If pre-mRNA retention and splicing are processes that Nuclear retention of pre-mRNAs is an evolutionary concan be functionally separated, the Mlp1 retention defect served and ubiquitous cellular function that has reshould be enhanced in a context that increases premained largely refractory to experimentation. Our data mRNA levels in a splicing-independent manner. Indeed, show that nuclear retention of pre-mRNAs is not only a leakage resulting from rrp6⌬-dependent accumulation function of splicing kinetics, but can involve physical of nuclear pre-mRNAs, which is splicing-independent, interaction of pre-mRNAs with nuclear-peripheral struccan be significantly enhanced by additional deletion of tural components involving Mlp1 and Nup60. Deletion of MLP1. The ability to distinguish between intron-free and intron-containing mRNAs becomes strikingly clear when MLP1 induces a defect in nuclear pre-mRNA retention, OGP117-1a (nup2⌬),  OGP118-1a (nup42⌬), OGP119-1a (nup53⌬) , and BMA64-1a wild-type strain (WT) were transformed with the plasmid reporters for pre-mRNA retention, no intron (pLGSD5) or pre-mRNA in-frame (pJCR1), and pre-mRNA retention was analyzed as in Figure 3 . In addition, the WT and the nup60⌬ strains were transformed and analyzed for pre-mRNA retention with the mut5ЈSS and mutBP versions of pJCR1. the specific rrp6⌬-mediated nuclear retention of intronnition and is therefore efficiently retained by the process that involves SF1. According to this interpretation, the containing transcripts requires the presence of Mlp1 ( Figure 4C) . first RNP within the spliceosome assembly pathway to be recognized by Mlp1 is CC1, implying that the Mlp1/ pre-mRNA interaction is mediated by the 5ЈSS region.
Mlp1-Dependent Pre-mRNA Retention via the 5 Splice Site
Therefore, we propose, that Mlp1 physically retains faulty pre-mRNAs that have been engaged in the CC1 The observation that MLP1 deletion shows a strong additive effect with the mutBP mutation but leaves the complex but have failed to proceed through splicing before reaching the NPCs. Within this functional context, mut5ЈSS mutant pre-mRNA unaffected, is at first surprising. However, it can be explained in the light of the deletion of MLP1 with the inferred impairment of premRNA retention would not affect viability or growth of proposed role of Mlp1 in retention, distinct from splicing. Indeed, a simple explanation of this observation would mutant cells as long as the splicing process proceeds normally, thus keeping levels of these faulty pre-mRNAs be that the approximately 5% of mut5ЈSS pre-mRNA that leak in the cytoplasm in wild-type cells would correlow. Indeed, although the Mlp1-pA RNA-dependent coimmunoprecipitation of SF1 is highly reproducible, spond to the fraction of pre-mRNAs that escaped early intron recognition and failed to form commitment comthe fraction of SF1 that copurifies is quite small, probably less than one percent of the total amount of SF1 in plex CC1 (Rosbash and Seraphin, 1991) . These premRNAs would then be completely overlooked by Mlp1, the cell ( Figure 6A ). This observation, together with the limited leakage of wild-type pre-mRNAs in mlp1⌬ cells which is unable to distinguish them from intronless mRNAs. The other fraction of 5ЈSS-mutated transcripts (about 2-3% percent), is in accordance with the hypothesis that Mlp1 is normally required for the retention of presumably would succeed in completing intron recog-only the small portion of pre-mRNAs which reached the for Mlp1 as the structural backbone of the pre-mRNA retention machinery. The perinuclear Mlp1, rather than nuclear periphery before being spliced.
being required for mRNA export, could act as a checkpoint for quality control of mRNA processing. Unspliced Nuclear Architecture and RNA Retention pre-mRNAs would then not be the only type of "faulty" The intriguing observation that the Mlp proteins are exmRNAs retained by the Mlp1, leaving a possible role for cluded from the NE adjacent to the nucleolus raises a Mlp1 in the retention of mRNAs not properly processed number of questions that will have to be addressed in at their 3Ј end or not properly loaded with hnRNPs such future work. Mlp asymmetry could be caused by the as Sub2 ( 
